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Abstract
Mechanical stimulation can regulate cellular behavior, e.g., differentiation, proliferation, matrix production and minerali-
zation. To apply fluid-induced wall shear stress (WSS) on cells, perfusion bioreactors have been commonly used in tissue 
engineering experiments. The WSS on cells depends on the nature of the micro-fluidic environment within scaffolds under 
medium perfusion. Simulating the fluidic environment within scaffolds will be important for gaining a better insight into 
the actual mechanical stimulation on cells in a tissue engineering experiment. However, biomaterial scaffolds used in tis-
sue engineering experiments typically have highly irregular pore geometries. This complexity in scaffold geometry implies 
high computational costs for simulating the precise fluidic environment within the scaffolds. In this study, we propose a 
low-computational cost and feasible technique for quantifying the micro-fluidic environment within the scaffolds, which 
have highly irregular pore geometries. This technique is based on a multiscale computational fluid dynamics approach. It 
is demonstrated that this approach can capture the WSS distribution in most regions within the scaffold. Importantly, the 
central process unit time needed to run the model is considerably low.
Keywords Multiscale model · Computational fluid dynamics · Wall shear stress · Homogenization · Tissue engineering 
scaffold
1 Introduction
It is well known that mechanical stimulation can regulate 
cellular activities. This concept is widely explored in bone 
tissue engineering (BTE) experiments to stimulate cells to 
form bone tissue. In such experiments, the mechanical stim-
ulus is often applied by using perfusion bioreactors in which 
a fluid flow generates a wall shear stress (WSS) to the cell 
(Bancroft et al. 2003). It has been demonstrated that a WSS 
in the range of 0.11–10 mPa can stimulate mesenchymal 
stromal cells (MSCs) to differentiate toward the osteogenic 
lineage (McCoy and O’Brien 2010), whereas a WSS in a 
higher range of 0.55–24 mPa can stimulate bone cells to 
produce mineralized extracellular matrix (ECM) (Vetsch 
et al. 2017). The resultant WSS on cells is dependent on the 
flow rate applied to the bioreactors (Guyot et al. 2015, 2016; 
Zhao et al. 2016). Thus, to determine the flow rate for the 
bioreactor, computational fluid dynamics (CFD) approaches 
have been used for calculating the fluidic environment within 
scaffolds with specific micro-structural geometries (Stops 
et al. 2010; Papantoniou et al. 2014; Zhao et al. 2018b). In 
many studies, the scaffolds were idealized with a regular 
geometry due to the limitations on real geometry meshing 
and high computational cost (Olivares et al. 2009; Ali and 
Sen 2018a; Melke et al. 2018; Zhao et al. 2018a). However, 
a recent study found that the WSS calculated based on ide-
alized scaffolds had considerable differences from the one 
calculated based on a realistic scaffold geometry (Marin and 
Lacroix 2015).
To reduce the computational cost, CFD analysis has been 
applied on one or a few unit-cells of the scaffold (Zhao et al. 
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2017; Ali and Sen 2018a, b). For scaffolds with a regular 
pore geometry, it usually suffices to analyze only a small 
unit-cell of the sample, since the results for the full sam-
ple can be obtained by repetition of the unit-cell results 
(Marin and Lacroix 2015; Hendrikson et al. 2017). How-
ever, in many tissue engineering experiments, the scaffolds 
have a highly irregular pore geometry, e.g., silk fibroin 
(SF) scaffolds (Melke et al. 2016) and collagen-GAG scaf-
folds (Mccoy et al. 2012), that cannot be well represented 
by a repetitive unit-cell. Performing a CFD analysis for the 
complete scaffold typically is inhibited by the high com-
putational costs involved and by challenges in creating the 
complex meshes. The CFD analysis in such cases is typi-
cally limited to analyzing one or more relatively small rep-
resentative volume elements (RVEs) (Sandino et al. 2008; 
Stops et al. 2010; Zhao et al. 2017). The accuracy of such 
analyses will depend on many factors, e.g., homogeneity of 
the scaffold, prescribed boundary/loading conditions (Hu 
et al. 2018). Maes et al. (2012) tested the accuracy of WSS 
calculations by CFD, and found that RVE size had a dis-
tinct influence on the calculated WSS under the idealized 
boundary conditions. They also found that applying ideal-
ized boundary/loading conditions could not capture the real 
WSS distribution within the global scaffold under perfusion 
flow (Maes et al. 2012).
A potential way to improve the accuracy of the WSS 
calculations without having to perform the CFD for the 
full scaffold would be to use a multiscale approach. With 
a multiscale approach, one or more micro-structural RVEs 
obtained from the scaffold could be homogenized first using 
a CFD analysis to obtain their permeability, which then is 
assigned to a macro-structural model representing the full 
scaffold. The macro-structural model can be used to calcu-
late the boundary conditions for the micro-structural model. 
Afterward, a realistic WSS within RVEs can be calculated 
using a second CFD analysis. To the best of our knowledge, 
this approach has not been used yet for the analysis of WSS 
in tissue engineering scaffolds. Thus, it is unclear to what 
extent this technique can improve the accuracy and if the 
computational costs are in an acceptable range to avoid the 
need for high performance computing (HPC) facilities.
In this study, we aim to develop a multiscale CFD 
approach for quantifying the micro-fluidic environment 
in highly irregular scaffolds, and to test its accuracy and 
feasibility. To test the accuracy, CFD results obtained for a 
micro-structural model that represents a complete but small 
scaffold are compared to those obtained from the multiscale 
approach. Such comparison is based on the WSS in a region 
of interest (ROI) of the same small scaffold. To test the fea-
sibility for modeling realistic sample sizes, a multiscale 
analysis based on multiple micro-structural ROIs of a larger 
scaffold is used to evaluate the homogeneity of the WSS in 
a complex scaffold under medium perfusion.
2  Materials and methods
2.1  Multiscale computational framework
The multiscale framework developed here consisted of (1) a 
macro-structural model representing the full scaffold and the 
perfusion bioreactor channel, (2) a micro-structural model 
representing the scaffold micro-structural geometry in detail 
(Fig. 1a). The micro-model contained one or more RVEs, 
depending on scaffold homogeneity and size.
First, a CFD analysis was performed at the micro-level 
to calculate the micro-structural (i.e., scaffold RVE) per-
meability. This permeability then was then assigned to the 
Fig. 1  a Overview of the 
multiscale CFD approach for 
calculating the WSS within 
RVE of a scaffold with highly 
irregular pore geometries; b 
schematic representation of the 
macro-structural model
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macro-structural model (Fig. 1a) which then was used for 
calculating the pressure drop over the scaffold, depend-
ing on the assigned permeability and the applied flow rate. 
Afterward, the calculated pressure obtained from the macro-
model was assigned as a boundary/loading condition to the 
micro-structural model (Fig. 1a). Finally, the micro-struc-
tural model was solved again to calculate the cell-level WSS 
under the defined specific boundary/loading conditions. In 
the following paragraphs, each of these steps would be pre-
sented in detail.
2.1.1  Micro‑level: scaffold permeability calculation
The fluid domain geometry of a RVE micro-structural model 
was generated from micro-CT images of the scaffold by 
Boolean operations in FreeCAD (Riegel et al. 2016). After 
the mesh sensitivity analysis (“Appendix 1”), we meshed the 
fluid domain by tetrahedral elements (element type: FC3D4) 
with global maximum and minimum sizes of 50 µm and 
5 µm, respectively. The actual mesh size was controlled by 
the local curvature of the scaffold surfaces with a maximum 
deviation factor (ratio between chordal deviation and ele-
ment size) of 0.1.
Equation (1) derived from Darcy’s law was used for cal-
culating the permeability of the RVE:
where Δp is the pressure drop over the scaffold height H, 
Δp is calculated from the CFD model, Q is the prescribed 
flow rate, A is the cross-sectional area to flow, µ is the 
dynamic viscosity of the culture medium (Dulbecco’s Modi-
fied Eagle medium supplemented with 10% FBS) with a 
value of 1.0 mPa s (Maisonneuve et al. 2013), and κ is the 
permeability.
The CFD models were solved by a finite volume method 
(FVM) using ANSYS CFX (ANSYS Inc., PA, USA) under 
the convergence criteria of root-mean-square residual of the 
mass and momentum < 10−4.
2.1.2  Macro‑level: pressure calculation
The macro-structural model representing the full scaffold 
and perfusion bioreactor channel was used for calculating 
the pressure gradient within the scaffold under fluid flow 
as described in Fig. 1a. In this macro-structural model, the 
scaffold region was homogenized and assigned a permeabil-
ity that had been calculated from one or more RVE micro-
structural models (Fig. 1a). In this multiscale framework, 
the RVE of the micro-structural models covered the full 
height of the scaffold, avoiding the influence of heterogene-
ity in height direction of the macro-model in the pressure 
(1)Q = 휅A
휇
⋅
Δp
H
calculation. The region where the scaffold was placed was 
defined as homogeneous porous media (denoted as Ωp in 
Fig. 1b), following Darcy’s equation (Eq. 2):
where 〈v〉 is the Darcy velocity (average fluid velocity), 〈p〉 
is the average pressure, and Ωp represents the homogeneous 
porous media domain.
The other regions within the bioreactor channel were 
defined as free fluid (incompressible, Newtonian laminar 
flow), which followed the Navier–Stokes equation (Eq. 3):
where v is the fluid velocity vector, and Ωf represents the 
free fluid domain.
On the boundaries, the condition of continuity of mass 
flux is defined as Eq. (4):
where ρ is the density of the medium (1000 kg/m3), гp and гf 
define the exclusive boundary of Ωp and Ωf, respectively, гpf 
the interface between Ωp and Ωf, and np and nf are the vector 
normal to гp and гf, respectively (Fig. 1b).
2.1.3  Micro‑level: WSS calculation
The same micro-structural models as the ones originally 
used to calculate the permeability calculation were also 
used for calculating the WSS distribution on the scaffold 
surfaces. The fluid pressure derived from the macro-model 
was prescribed at the inlet surface of the micro-model. The 
side surfaces were defined as symmetric boundaries with the 
fluid velocity v according to Eq. (5):
with j being the direction perpendicular to the cutting 
surface.
The WSS on the scaffold surface (ГS) then was calculated 
according to:
where, xi (or xj) is the ith (or jth) spatial coordinates.
(2)
�
∇ ⋅ ⟨퐯⟩ = 0
휇
휅
⟨퐯⟩ + ∇⟨p⟩ = 0 in훺p
(3)
{
∇ ⋅ 퐯 = 0
휕퐯
휕t
+ 퐯 ⋅ ∇퐯 = −∇p + 휇∇2퐯
in훺f
(4)
휌⟨퐯⟩ ⋅ 퐧p���훤p = 0; 휌퐯 ⋅ 퐧f���훤f = 0; 휌⟨퐯⟩ ⋅ 퐧p���훤pf = 휌퐯 ⋅ 퐧f���훤pf
(5)
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2.2  Material
In this study, this multiscale CFD framework was applied 
on a silk fibroin (SF) scaffold, which was used widely in tis-
sue engineering experiments, and had highly irregular pore 
geometries (Melke et al. 2016). The SF scaffold was fabricated 
using the same approach as described in previous study (Melke 
et al. 2018). To obtain the scaffold geometry, micro-computed 
tomography (micro-CT) scanning was carried out on a dry and 
empty SF scaffold in a dry environment using a micro-CT 80 
scanner (Scanco Medical AG, Brüttisellen, Switzerland) at a 
nominal isotropic resolution of 10 μm. The energy level was 
set to 45 kVp, intensity to 177 µA, 300 ms integration time and 
two-fold frame averaging. A 3D constrained Gaussian filter 
(sigma = 0.8, support = 1 voxel) was applied.
The micro-CT images of the scaffold were segmented with 
a threshold of 1087–1151 Hounsfield units using MIMICS 
(Materialise NV, Leuven, Belgium) for extracting the air. To 
remove the noise, the whole scaffold geometry was smoothed 
for 4 iterations with a smoothing factor of 0.4. The whole scaf-
fold size was 5 mm in diameter and 2 mm in height, which was 
considered typical for tissue engineering applications (Fig. 2a). 
Considering the high computational cost for validation study 
(Sect. 2.3), from this full scaffold, a smaller central cylindri-
cal region of 1.5 mm in diameter and 1.0 mm in height was 
selected to validate this multiscale CFD approach (Fig. 2b).
2.3  Validation study
To examine the accuracy of the multiscale CFD approach, we 
compared the WSS distribution calculated by the multiscale 
CFD approach to those calculated from a micro-structural 
CFD analysis that comprised the full scaffold. Due to the 
excessively high computational cost of performing the micro-
structural CFD model for the large scaffold, the validation 
was performed on the small whole scaffold (Fig. 3b). For 
this scaffold, a single RVE of 0.5 × 0.5 × 1.0 mm in size, 
which could cover at least 1 complete pore was defined at 
the center of the scaffold, considering the results from RVE 
size sensitivity analysis (“Appendix 2”). For this RVE, the 
permeability was calculated, which was then assigned to 
the macro-model. For the macro-model, a fluid velocity of 
500 µm/s was prescribed at the inlet while the four side sur-
faces were defined as non-slip walls, where the fluid had zero 
velocity relative to the boundary (Fig. 3b). The outlet was 
prescribed with a relative pressure of 0 Pa. By assigning the 
fluid pressure to the micro-structural model and solving the 
micro-structural model, the WSS within RVE was calculated.
In a direct CFD approach, Eq. (3) was solved for the 
small-sized scaffold (diameter = 1.5 mm, height = 1.0 mm in 
Fig. 2b). The CFD models were run using a computer with 
16 GB RAM and 8 cores (CPU: Intel i7-6700). Finally, a his-
togram of WSS distribution from multiscale CFD and direct 
CFD approaches was counted, and the correlation of the 
WSS distribution results in RVE (by multiscale CFD model) 
and ROI (by direct CFD model) was characterized with a 
Pearson correlation coefficient. Furthermore, the symmetric 
boundary conditions in the multiscale CFD model might 
potentially affect the WSS results. Therefore, the percentage 
error between the WSS computed by multiscale CFD and 
direct CFD approaches was calculated in 5 sub-regions of 
the ROI/RVE (i.e., region 1–5 in Fig. 3d).
2.4  Feasibility of the multiscale CFD approach 
for the analysis of large scaffolds
To test the feasibility for upscaling to larger scaffolds and to 
investigate the effect of pore inhomogeneity on local WSS, 
the multiscale CFD approach was applied to model the full 
SF scaffold (Fig. 2a).
For this scaffold, 9 RVEs were selected as shown in 
Fig. 4a. To cover the full specimen by 9 isometric RVEs, each 
RVE was defined with a dimension of 0.4 × 0.4 × 2.0 mm, 
covering the full specimen height (Fig. 4b). The approach 
described in Sect. 2.1 was used for calculating the perme-
ability of each RVE section. In permeability calculation, an 
inlet fluid velocity of 500 µm/s was prescribed at the inlet 
surface of the RVE (Fig. 4b) same as that in Sect. 2.3.
Fig. 2  a Full SF scaffold with 
dimensions typically used for 
tissue engineering applications, 
b a sub-section from the same 
scaffold used in the accuracy 
study
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Fig. 3  Mesh and boundary conditions of the a, b multiscale CFD 
model, which involves a a free fluid—porous media model (macro-
structure) and b CFD model of RVE section (micro-structure); c, d 
direct CFD model based on the full scaffold, d ROI in the direct CFD 
model: average WSS is calculated in 5 sub-regions (regions 1–5) sep-
arately, each region has a width of 0.05 mm
Fig. 4  a Full SF scaffold is dis-
cretized into 9 isometric RVE 
sections, b the fluid domain and 
the boundary conditions of the 
CFD model (micro-level) for 
calculating the permeability of 
one example RVE section
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The flow perfusion bioreactor design and dimensions 
were taken from previous studies (Zermatten et al. 2014; 
Vetsch et al. 2017) (Fig. 5a), and the model geometry was 
meshed by 343,911 tetrahedral elements. At the inlet of the 
model, a constant flow rate of 3 mL/min was prescribed, 
which was considered to be within a range preferable for 
bone tissue mineralization in vitro (Zhao et al. 2018b). In 
this macro-model, the scaffold region was modeled as a 
porous media (Ωp in Fig. 7b), which followed Darcy’s law 
(Eq. 2). Its permeability was calculated by averaging the 
permeability values of the 9 RVEs. Although the actual 
permeability was not homogeneous throughout the scaffold, 
modeling it as homogeneous in the macro-model was suf-
ficient as the macro-model was used only for calculating the 
pressure boundary conditions for the micro-models (analysis 
in “Appendix 3”). The other regions within the bioreactor 
were modeled as free fluid (Ωf in Fig. 5b), following the 
Navier–Stokes equation (Eq. 3) as described in Sect. 2.1.
The same RVE models used for the permeability cal-
culation were also used for calculating the WSS distribu-
tion on RVEs surfaces. Results presented here were only 
for three representative RVEs (RVE 1, 5 and 9 as shown in 
Fig. 4a). The fluid pressure derived from the macro-model 
was prescribed on the inlet surface. The side surfaces were 
defined as symmetric boundaries with the fluid velocity v 
according to Eq. (5). The multiscale CFD model was also 
run on a computer with 16 GB RAM and 8 cores (CPU: 
Intel i7-6700).
3  Results
3.1  Accuracy of the multiscale CFD model
The permeability of the homogenized scaffold domain 
(porous media Ωp) was 7.47 × 10−10 m2. When assigning 
this permeability to the macro-model, a pressure drop over 
the scaffold height (Δp) of 0.70 Pa was obtained for the 
prescribed fluid velocity.
Under this fluid pressure, the WSS distribution within 
the RVE scaffold section was calculated (Fig. 6a). For com-
parison, the WSS distribution within RVE/ROI calculated by 
multiscale CFD and direct CFD approaches, respectively, is 
presented in a histogram in Fig. 7. The Pearson correlation 
coefficient between the WSS distributions computed by mul-
tiscale CFD and direct CFD approaches was 0.86. By compar-
ing the average WSS calculated by two approaches at different 
sub-regions (i.e., region 1–5 in Fig. 8), it was found that the 
largest difference of the average WSS between two approaches 
was in region 1 (close to the outer boundaries) with a percent 
error of 10.5%. In the inner regions (region 2–5 in Fig. 8), the 
percentage error of the average WSS between two approaches 
was smaller, i.e., 2.2%, 1.7%, 0.05% and 2.3% for region 2, 3, 
4 and 5, respectively. By comparing the WSS at specific loca-
tions calculated by the two approaches (Fig. 6), it was found 
that the largest differences (i.e., up to 1.1-folds difference) 
in WSS were found close to the boundaries as pointed out in 
Fig. 6 (L1–L3). Nevertheless, the middle regions within the 
Fig. 5  At macro-scale: a schematic image of a flow perfusion bio-
reactor system (Zermatten et  al. 2014; Vetsch et  al. 2017), b fluid 
domain of the bioreactor system, which includes free fluid domain 
(Ωf) and porous media domain (Ωp); at micro-scale: fluid domains 
and boundary conditions of the micro-CFD model for calculating 
WSS within one example RVE
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Fig. 6  WSS and fluid velocity distribution within the RVE section, 
which are calculated from a multiscale CFD model and b direct CFD 
model of the full scaffold, respectively. L1, L2 and L3 are the loca-
tions, where the WSS has distinctly different values between multi-
scale CFD and direct CFD approaches
Fig. 7  WSS distribution within 
RVE section and ROI, which 
have been calculated by either 
the multiscale CFD approach 
(black) or the direct CFD 
approach (shaded), respectively
Fig. 8  Average WSS that is calculated from 5 regions (from outer 
boundaries toward inner area: region 1–5) by a multiscale CFD 
approach (black) and a direct CFD approach (shaded), respectively. 
The Pearson correlation coefficient between multiscale CFD and 
direct CFD approaches is 0.86 on the WSS distribution
 F. Zhao et al.
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RVE had a similar WSS distribution between two cases as 
shown in Figs. 6 and 8.
The central process unit (CPU) time spent on solv-
ing the direct CFD model on the full scaffold (i.e., diam-
eter = 1.5 mm, height = 1.0 mm in Fig. 2b) was 20 min, while 
the CPU time needed for the multiscale approach was 5.8 s 
(macro-structural model in Fig. 3a) and 1.6 min (micro-
structural model in Fig. 3b).
3.2  Feasibility of applying a multiscale CFD model 
on a large scaffold
This multiscale CFD framework was successfully applied on 
a large SF scaffold (diameter = 5 mm, height = 2 mm) with 
a highly irregular pore geometry to simulate the micro-flu-
idic environment within the scaffold. Low CPU time was 
needed to run this multiscale CFD model based on the large-
sized and irregular scaffold. For instance, merely 2.5 min of 
CPU time was needed for running the macro CFD model 
of the perfusion bioreactor system (model in Fig. 5a). For 
the micro-structural CFD models (e.g., 9 RVEs in Fig. 4a), 
1.5–6.0 min of CPU time was needed for each sub-CFD 
model, depending on the volume of different liquid-phase 
RVE sections (i.e., counterparts of scaffold solid RVEs).
The permeability of 9 RVE sections from the global 
scaffold was calculated (Fig. 9) and resulted in an average 
permeability of 4.27 × 10−10 m2 that was used as the perme-
ability of the porous media domain in the global CFD model. 
Using this model, a pressure drop of 2.66 Pa was calculated 
from the top (3.28 Pa) to bottom (0.62 Pa) surface of the 
scaffold for a flow rate of 3 mL/min (“Appendix 4”). Since 
the RVE dimension in longitudinal direction (or Z-direc-
tion in Fig. 5b) was completely preserved, the pressures of 
p1 = 3.28 Pa and p2 = 0.62 Pa were defined on the upper and 
bottom surfaces, respectively (Fig. 5b).
After solving the local CFD models, the WSS and fluid 
velocity distributions in RVE 1, 5 and 9 are shown in 
Fig. 10a as examples. The highest fluid velocity and WSS 
are found in Sect. 1, which had the highest permeability of 
these three sections.
4  Discussion
To enable the simulation of the micro-fluidic environment 
within a tissue engineering scaffold with a highly irregu-
lar pore geometry, a multiscale CFD framework with low-
computational cost but high accuracy was developed in this 
study. This multiscale CFD model was verified by compar-
ing it to the direct CFD model on the calculated WSS within 
a small scaffold volume. To demonstrate its feasibility of 
modeling the large-sized scaffold with irregular pores geom-
etry, in particular with low requirement on the computing 
resource, we have successfully applied it in simulating the 
micro-fluidic environment within a realistic-sized scaffold 
specimen, which has a diameter of 5 mm, height of 2 mm 
and highly irregular pore geometry.
One limitation of this multiscale CFD model was the 
boundary conditions defined on the micro-scale model. As 
illustrated in Figs. 3b and 5c, a symmetric boundary condi-
tion was prescribed on the four side surfaces of the RVE. This 
prevented any lateral flow (i.e., flow between RVEs), which 
might occur in reality. This would potentially have an effect 
on the resultant WSS. However, these effects would occur 
mainly near the boundaries as can be seen in Fig. 6 (e.g., WSS 
at L1–L3). When comparing the multiscale CFD with the 
direct CFD approach, the largest average WSS errors was in 
Fig. 9  Permeability of 9 different RVE sections, the average permeability of the homogenized whole scaffold is 4.27 × 10−10 m2
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the region close to the symmetric boundaries. Nevertheless, 
even in these regions the largest error in the calculated WSS 
was considered low (< 10.5%). Moreover, having analyzed 
the WSS in all the regions, the multiscale CFD and the direct 
CFD approaches showed a Pearson correlation coefficient 
of 0.86, which was a highly positive correlation according 
to (Mukaka 2012). This indicated that the multiscale CFD 
model could well capture the real WSS distribution within the 
RVE. A similar study simulating the micro-fluidic environ-
ment within SF scaffolds has applied another strategy (i.e., 
changing mesh density in ROI of the direct CFD model) to 
avoid additional boundary/loading condition prescription 
across the scales (Zermatten et al. 2014). For modeling the 
highly irregular scaffold, in particular with a realistic size, a 
much coarser mesh had to be applied on the non-ROI. As the 
non-ROI and ROI were in the same CFD model, this tech-
nique of changing mesh density would potentially affect the 
micro-fluidic environment within the ROI. It was found that 
the average WSS would change by 11% when the scaffold was 
meshed by 1.13 × 108 and 2.33 × 107 elements, respectively 
(Zermatten et al. 2014). In our multiscale CFD model, such 
mesh density issue was avoided, as the volume/size of RVEs 
and their mesh density could be adjusted accordingly. For 
instance, to improve the accuracy and not to increase the com-
putational cost, we might discretize the large full scaffold into 
more RVEs with smaller volume/size, which consequently can 
be meshed with a more refined meshing density. However, 
to be representative of the porous structure, the RVE should 
cover the dimensions of at least one complete pore, meaning 
that the RVE size needed to be larger than the average pore 
diameter. Considering this and the computational limit for the 
direct CFD model, we used only one cut-out RVE from the 
full scaffold sub-section in our validation study. Nevertheless, 
the results demonstrated that even with one cut-out RVE, the 
multiscale CFD model showed a high agreement with the 
direct CFD model (Pearson correlation coefficient = 0.86). 
Furthermore, the calculated WSS also depended on the reso-
lution of micro-CT for scanning the scaffold. If the strut size 
was smaller than the micro-CT resolution, such strut geometry 
would be missed by micro-CT scanning, comparing to the 
other high-resolution approaches (e.g., transmission electron 
microscope and scanning electron microscope) (Gashti et al. 
2012). In this case, CFD model was not able to capture the 
real WSS on these detailed small struts.
Another factor that could influence the accuracy of the 
multiscale CFD model is the inhomogeneity of the scaffold. 
If the scaffold pore geometry was highly inhomogeneous, 
the calculated WSS would be less accurate if the scaffold 
was discretized into fewer RVEs in scaffold’s homogeniza-
tion. However, this potential limitation could be addressed 
by discretizing the global scaffold into more RVEs in scaf-
fold homogenization.
This particular type of SF scaffold has previously been 
used for various tissue engineering applications (e.g., bone, 
tendon/ligaments, nerves) (Ding et al. 2014; Melke et al. 
2016; Maghdouri-White et al. 2018; Nune et al. 2019). For 
bone tissue engineering in vitro, different WSS ranges have 
been found to stimulate seeded cells to produce mineralized 
ECM, e.g., 0.55–24 mPa (Vetsch et al. 2017), 5–15 mPa (Li 
et al. 2009) and 10–30 mPa (Sikavitsas et al. 2003). For exam-
ple, if the WSS range of 10–30 mPa was applied to the WSS 
within RVE Sects. 1, 5 and 9, it was calculated that 25.3%, 
43.0% and 39.0% of the scaffold surface area was likely to 
undergo the WSS that would stimulate cells to produce min-
eralized ECM (Fig. 10b). In RVE Sect. 1, a larger scaffold sur-
face area underwent the WSS beyond the range of 10–30 mPa, 
Fig. 10  a WSS and fluid velocity distribution within three different RVE Sections (1, 5 and 9); b scaffold surface area fractions that will undergo 
different ranges of WSS and will stimulate different cell behavior
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e.g., 43% of the surface area in RVE Sect. 1 was exposed to 
WSS higher than 50 mPa. The WSS in RVE Sect. 9 was low 
with 39% of the surface area exposed to WSS below 10 mPa. 
Thus, it was likely that the mineralized bone tissue growth 
within this global SF scaffold would be inhomogeneous due 
to the variation of the local mechanical stimulation at different 
regions. This has been observed experimentally in a recent 
study, in which WSS is applied for bone tissue mineralization 
in vitro by a spinner flask bioreactor (Melke et al. 2018). It 
was found that the variation of WSS distribution within scaf-
fold was associated with inhomogeneous mineralized tissue 
distribution (Melke et al. 2018).
The multiscale CFD model resulted in a substantially low 
CPU time. In this study, we used a computer with 16 GB 
RAM and 8 cores (CPU: Intel i7-6700) to run the multiscale 
CFD model. For running the macro-structural CFD model 
of the perfusion bioreactor system, merely 2.5 min of CPU 
time was used. For the micro-structural CFD models that 
were based on the RVEs of the SF scaffold, 1.5–6.0 min of 
CPU time was needed for each sub-CFD model, depending 
on the volume of different RVE sections in liquid phase. The 
computational cost did not exclusively mean the CPU time 
for running the CFD model, it also reflected on the comput-
ing resources (i.e., HPC clusters) that could achieve model 
geometry reconstruction and meshing. In a previous CFD 
study based on the similar setup of the bioreactor systems, it 
was declared that the requirement of high computational cost 
was a drawback (Zermatten et al. 2014). A trade-off meshing 
strategy (i.e., varying mesh density based on ROIs) had to be 
employed for successfully running the CFD model (Zermatten 
et al. 2014). However, full scaffold geometry reconstruction 
and meshing also have high requirements on the computing 
resources. We also attempted to apply the direct CFD model 
on the large entire scaffold (i.e., the one in Fig. 2a). How-
ever, it was even not feasible to reconstruct and mesh the 
geometry of the large entire scaffold for direct CFD approach 
on a computer with 16 GB RAM and 8 cores (CPU: Intel 
i7-6700). Nevertheless, with our multiscale approach, the 
potential geometry reconstruction and meshing problems 
can be avoided by discretizing the full scaffold into RVEs. 
To apply the direct CFD approach on the full-scale biore-
actor system that contains a scaffold with an irregular pore 
geometry, it is necessary to run the CFD models on a HPC 
cluster (Jungreuthmayer et al. 2009; Stops et al. 2010). For 
example, Santamaría et al. (2013) enabled the simulation 
of the micro-fluidic environment within a small-sized Poly 
(L-Lactic Acid) scaffold (diameter = 3 mm, height = 1 mm) 
by applying a direct CFD approach using a cluster with 16 
nodes (32 GB memory for each node) and 16 processors. 
However, with our multiscale CFD approach, simulating the 
micro-fluidic environment within the scaffold with larger size 
and highly irregular geometry is feasible even on a normal 
desktop computer/laptop. Therefore, this study will provide a 
useful computational framework in particular for the research-
ers who aim to simulate the fluidic environment within com-
plex structures within short time but have limited access to 
the HPC facilities.
5  Conclusion
In this study, a multiscale CFD model has been devel-
oped for simulating the micro-fluidic environment within 
a tissue engineering scaffold with highly irregular scaffold 
pore geometries. This multiscale CFD approach is dem-
onstrated with reasonable accuracy. Specifically, percent 
error between the multiscale CFD-derived WSS and direct 
CFD-derived WSS is less than 10.5%, and the Pearson cor-
relation coefficient between this multiscale CFD and direct 
CFD approaches is 0.86 on the resultant WSS distribution. 
Importantly, this multiscale CFD approach requires low-
computational cost, and can be applied to model realistic-
sized and scaffolds with irregular pore geometries regardless 
of HPC facilities limits. Therefore, it will be a useful tool 
for simulating the micro-fluidic environment within com-
plex structures, e.g., tissue engineering scaffolds with highly 
irregular pore geometry under medium perfusion.
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Appendix 1: Mesh size sensitivity analysis
The mesh sensitivity analysis was conducted on the RVE with 
5 different mesh densities as listed in Table 1. As presented in 
Sect. 2.1, we meshed the fluid domain by tetrahedral elements 
(element type: FC3D4) with 5 different size types. In each 
mesh type, the actual mesh size was controlled by the local 
curvature of the scaffold surfaces with a maximum devia-
tion factor (ratio between chordal deviation and element size) 
of 0.1. The boundary and loading conditions were kept the 
same as those presented in Sect. 2.3. Under the pressure drop 
of 0.7 Pa, the average WSS within RVE with different mesh 
densities was calculated, and results are shown in Table 1. It 
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was found that no distinct influence on the resultant average 
WSS by mesh density. For instance, the variation of average 
WSS was within 3.2% among 5 different meshes (Table 1).
Appendix 2: RVE size sensitivity analysis
We also examined the influence of RVE size on the resultant 
WSS in RVE. In this study, CFD approach was used for com-
puting the WSS within 5 RVEs with different sizes (Fig. 11). 
In CFD model, the boundary and loading conditions were the 
same as those presented in Sect. 2.3. Specifically, a pressure 
drop of 0.7 Pa was prescribed over the scaffold (from top sur-
face to the bottom surface). Four side surfaces were defined as 
symmetric boundaries, following Eq. (5). The scaffold surfaces 
were defined as non-slip wall, on which the WSS is calculated 
according to Eq. (6). The WSS distribution within each RVE 
is shown in Fig. 11. According to the results of direct CFD 
model (Fig. 6b), the average WSS within the whole scaffold 
was 24.00 mPa. Finally, it was found that the RVE size did not 
have profound influence on the resultant average WSS, i.e., 
maximum deviation < 9.7% among these 5 RVE sizes.
Appendix 3: Analysis of scaffold 
homogenization
In Fig. 12, the shaded areas represent two scaffold sections 
with different permeability k1 and k2, thus representing an inho-
mogeneous scaffold. These two sections had a cross-sectional 
area A1 and A2, respectively. At the inlet, a flow rate of Q was 
Table 1  Mesh sensitivity analysis: resultant average WSS within 
RVE scaffold influenced by different mesh densities
Mesh size (µm) Element number Aver-
age WSS 
(mPa)
10–1.0 1326,002 25.15
25–2.5 178,488 24.34
50–5.0 112,683 24.88
75–7.5 101,367 24.74
Fig. 11  WSS within RVEs that have different sizes
Fig. 12  Idealized scaffold, which consists of 2 RVE sections with dif-
ferent permeabilities
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applied. Assumptions were: (1) the fluid pressure p was con-
stant throughout the top compartment (and zero throughout the 
bottom compartment); (2) no fluid flow between the compart-
ments (lateral flow) occurred; (3) the viscosity was constant.
According to Darcy’s law, the total flow rate through the 
scaffold (Q) then was:
where, f1 and f2 are the volume fractions of Sects. 1 and 2, 
respectively, and A is the total cross-sectional area.
The pressure drop then was expressed by reorganizing the 
equation as:
As was clear from above equations, the same pressure drop 
would be obtained from a homogeneous scaffold with a per-
meability k that met the condition:
If the two domains had the same volume fraction (i.e., 
A1 = A2 in Fig. 12), Eq. (9) was reduced to simply averaging 
of the permeabilities of the individual domains:
(7)
Q =Q1 + Q2
=
Δp ⋅ k1 ⋅ A1
휇 ⋅ L
+
Δp ⋅ k2 ⋅ A2
휇 ⋅ L
=
Δp ⋅
(
k1 ⋅ A1 + k2 ⋅ A2
)
휇 ⋅ L
=
Δp ⋅
(
k1 ⋅ f1 + k2 ⋅ f2
)
A
휇 ⋅ L
(8)Δp =
Q ⋅ 휇 ⋅ L(
k1 ⋅ f1 + k2 ⋅ f2
)
A
.
(9)k = k1 ⋅ f1 + k2 ⋅ f2.
(10)k = k1 + k2
2
In our example (Fig. 9), all RVE sections had the same 
cross-sectional area and the corresponding homogeneous 
permeability. Therefore, the permeability of whole scaffold 
could be calculated by simply averaging the 9 individual 
RVE permeabilities (Fig. 9). 
Appendix 4: Pressure results 
from macro‑model of perfusion bioreactor
Having solved the macro-model of the perfusion bioreac-
tor, the fluid pressure distribution within the whole bioreac-
tor was obtained (Fig. 13a). Within the scaffold, a pressure 
drop of 2.66 Pa (3.28–0.62 Pa from top to bottom surface) 
was calculated (Fig. 13b). This pressure drop would be used 
for defining the loading conditions of micro-CFD model in 
Sect. 2.4 and 3.2.
References
Ali D, Sen S (2018a) Permeability and fluid flow-induced wall shear 
stress of bone tissue scaffolds: computational fluid dynamic analy-
sis using Newtonian and non-Newtonian blood flow models. Com-
put Biol Med 99:201–208. https ://doi.org/10.1016/j.compb iomed 
.2018.06.017
Ali D, Sen S (2018b) Computational fluid dynamics study of the 
effects of surface roughness on permeability and fluid flow-
induced wall shear stress in scaffolds. Ann Biomed Eng. https ://
doi.org/10.1007/s1043 9-018-2101-z
Bancroft GN, Sikavitsas VI, Mikos AG (2003) Design of a flow perfu-
sion bioreactor system for bone tissue-engineering applications. 
Tissue Eng 9:549–554
Ding X, Zhu M, Xu B et al (2014) Integrated trilayered silk fibroin 
scaffold for osteochondral differentiation of adipose-derived stem 
cells. ACS Appl Mater Interfaces 6:16696–16705. https ://doi.
org/10.1021/am503 6708
Fig. 13  Fluid pressure distribu-
tion within a the perfusion 
bioreactor system and b the 
homogenized scaffold domain 
under a flow rate of 3 mL/min
A multiscale computational fluid dynamics approach to simulate the micro‑fluidic environment…
1 3
Gashti MP, Alimohammadi F, Hulliger J et al (2012) Microscopic 
methods to study the structure of scaffolds in bone tissue engi-
neering: a brief review. Curr Microsc Contrib Adv Sci Technol 
1:625–638
Guyot Y, Luyten FP, Schrooten J et al (2015) A three-dimensional com-
putational fluid dynamics model of shear stress distribution during 
neotissue growth in a perfusion bioreactor. Biotechnol Bioeng 
112:2591–2600. https ://doi.org/10.1002/bit.25672 
Guyot Y, Smeets B, Odenthal T et al (2016) Immersed boundary mod-
els for quantifying flow-induced mechanical stimuli on stem cells 
seeded on 3D scaffolds in perfusion bioreactors. PLoS Comput 
Biol 12:1–21. https ://doi.org/10.1371/journ al.pcbi.10051 08
Hendrikson WJ, Deegan AJ, Yang Y et al (2017) Influence of additive 
manufactured scaffold architecture on the distribution of surface 
strains and fluid flow shear stresses and expected osteochondral 
cell differentiation. Front Bioeng Biotechnol 5:1–11. https ://doi.
org/10.3389/fbioe .2017.00006 
Hu W, Liu G, Zhang X (2018) A pore-scale model for simulating water 
flow in unsaturated soil. Microfluid Nanofluidics 22:1–12. https ://
doi.org/10.1007/s1040 4-018-2090-0
Jungreuthmayer C, Jaasma MJ, Al-Munajjed AA et al (2009) Deforma-
tion simulation of cells seeded on a collagen-GAG scaffold in a 
flow perfusion bioreactor using a sequential 3D CFD-elastostat-
ics model. Med Eng Phys 31:420–427. https ://doi.org/10.1016/j.
meden gphy.2008.11.003
Li D, Tang T, Lu J, Dai K (2009) Effects of flow shear stress and mass 
transport on the construction of a large-scale tissue-engineered 
bone in a perfusion bioreactor. Tissue Eng Part A 15:2773–2783. 
https ://doi.org/10.1089/ten.tea.2008.0540
Maes F, Claessens T, Moesen M et al (2012) Computational models for 
wall shear stress estimation in scaffolds: a comparative study of 
two complete geometries. J Biomech 45:1586–1592. https ://doi.
org/10.1016/j.jbiom ech.2012.04.015
Maghdouri-White Y, Petrova S, Sori N et  al (2018) Electrospun 
silk-collagen scaffolds and BMP-13 for ligament and tendon 
repair and regeneration. Biomed Phys Eng Express. https ://doi.
org/10.1088/2057-1976/aa9c6 f
Maisonneuve BGC, Roux DCD, Thorn P, Cooper-White JJ (2013) 
Effects of cell density and biomacromolecule addition on the flow 
behavior of concentrated mesenchymal cell suspensions. Biomac-
romol 14:4388–4397. https ://doi.org/10.1021/bm401 335g
Marin AC, Lacroix D (2015) The inter-sample structural variability of 
regular tissue-engineered scaffolds significantly affects the micro-
mechanical local cell environment. Interface Focus. https ://doi.
org/10.1098/rsfs.2014.0097
McCoy RJ, O’Brien FJ (2010) Influence of shear stress in perfusion 
bioreactor cultures for the development of three-dimensional bone 
tissue constructs: a review. Tissue Eng Part B Rev 16:587–601. 
https ://doi.org/10.1089/ten.teb.2010.0370
Mccoy RJ, Jungreuthmayer C, O’Brien FJ (2012) Influence of flow 
rate and scaffold pore size on cell behavior during mechanical 
stimulation in a flow perfusion bioreactor. Biotechnol Bioeng 
109:1583–1594. https ://doi.org/10.1002/bit.24424 
Melke J, Midha S, Ghosh S et al (2016) Silk fibroin as biomaterial 
for bone tissue engineering. Acta Biomater 31:1–16. https ://doi.
org/10.1016/j.actbi o.2015.09.005
Melke J, Zhao F, van Rietbergen B et al (2018) Localisation of min-
eralised tissue in a complex spinner flask environment correlates 
with predicted wall shear stress level localisation. Eur Cells Mater 
36:57–68. https ://doi.org/10.22203 /eCM.v036a 05
Mukaka M (2012) Statistics corner: a guide to appropriate use of Cor-
relation coefficient in medical research. Malawi Med J 24:69–71. 
https ://doi.org/10.1016/j.cmpb.2016.01.020
Nune M, Manchineella S, Govindaraju T, Narayan KS (2019) Melanin 
incorporated electroactive and antioxidant silk fibroin nanofibrous 
scaffolds for nerve tissue engineering. Mater Sci Eng, C 94:17–25. 
https ://doi.org/10.1016/j.msec.2018.09.014
Olivares AL, Marsal È, Planell JA, Lacroix D (2009) Finite element 
study of scaffold architecture design and culture conditions for 
tissue engineering. Biomaterials 30:6142–6149. https ://doi.
org/10.1016/j.bioma teria ls.2009.07.041
Papantoniou I, Guyot Y, Sonnaert M et al (2014) Spatial optimization 
in perfusion bioreactors improves bone tissue-engineered con-
struct quality attributes. Biotechnol Bioeng 111:2560–2570. https 
://doi.org/10.1002/bit.25303 
Riegel J, Mayer W, van Havre Y (2016) FreeCAD. FreeCAD
Sandino C, Planell JA, Lacroix D (2008) A finite element study 
of mechanical stimuli in scaffolds for bone tissue engineer-
ing. J Biomech 41:1005–1014. https ://doi.org/10.1016/j.jbiom 
ech.2007.12.011
Santamaría VAA, Malvè M, Duizabo A et al (2013) Computational 
methodology to determine fluid related parameters of non regu-
lar three-dimensional scaffolds. Ann Biomed Eng 41:2367–2380. 
https ://doi.org/10.1007/s1043 9-013-0849-8
Sikavitsas VI, Bancroft GN, Holtorf HL et al (2003) Mineralized 
matrix deposition by marrow stromal osteoblasts in 3D perfu-
sion culture increases with increasing fluid shear forces. Proc Natl 
Acad Sci 100:14683–14688. https ://doi.org/10.1073/pnas.24343 
67100 
Stops AJF, Heraty KB, Browne M et al (2010) A prediction of cell 
differentiation and proliferation within a collagen-glycosami-
noglycan scaffold subjected to mechanical strain and perfusive 
fluid flow. J Biomech 43:618–626. https ://doi.org/10.1016/j.jbiom 
ech.2009.10.037
Vetsch JR, Betts DC, Müller R, Hofmann S (2017) Flow velocity-
driven differentiation of human mesenchymal stromal cells in silk 
fibroin scaffolds: a combined experimental and computational 
approach. PLoS ONE 12:1–17. https ://doi.org/10.1371/journ 
al.pone.01807 81
Zermatten E, Vetsch JR, Ruffoni D et al (2014) Micro-computed 
tomography based computational fluid dynamics for the determi-
nation of shear stresses in scaffolds within a perfusion bioreactor. 
Ann Biomed Eng 42:1085–1094. https ://doi.org/10.1007/s1043 
9-014-0981-0
Zhao F, Vaughan TJ, McNamara LM (2016) Quantification of fluid 
shear stress in bone tissue engineering scaffolds with spherical 
and cubical pore architectures. Biomech Model Mechanobiol 
15:561–577. https ://doi.org/10.1007/s1023 7-015-0710-0
Zhao F, Vaughan TJ, Mc Garrigle MJ, McNamara LM (2017) A cou-
pled diffusion-fluid pressure model to predict cell density distri-
bution for cells encapsulated in a porous hydrogel scaffold under 
mechanical loading. Comput Biol Med 89:181–189. https ://doi.
org/10.1016/j.compb iomed .2017.08.003
Zhao F, Mc Garrigle MJ, Vaughan TJ, McNamara LM (2018a) In 
silico study of bone tissue regeneration in an idealised porous 
hydrogel scaffold using a mechano-regulation algorithm. Bio-
mech Model Mechanobiol 17:5–18. https ://doi.org/10.1007/s1023 
7-017-0941-3
Zhao F, van Rietbergen B, Ito K, Hofmann S (2018b) Flow rates in per-
fusion bioreactors to maximise mineralisation in bone tissue engi-
neering in vitro. J Biomech 79:232–237. https ://doi.org/10.1016/j.
jbiom ech.2018.08.004
Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.
